Arabidopsis EARLY FLOWERING3 (ELF3) functions in modulating light input to the circadian clock, as a component of ELF3-ELF4-LUX ARRHYTHMO (LUX) evening complex. However, the role of ELF3 in stress responses remains largely unknown. In this study, we show that ELF3 enhances plants' resilience to salt stress: ELF3-overexpressing (ELF3-OX) plants are salt-tolerant, while elf3 mutants are more sensitive to salt stress. The expressions of many salt stress-and senescence-associated genes are altered in elf3-1 and ELF3-OX plants compared with wild-type. During salt stress, ELF3 suppresses factors that promote salt stress response pathways, mainly GIGANTEA (GI), at the post-translational level, and PHYTOCHROME INTERACT-ING FACTOR4 (PIF4), at the transcriptional level. To enhance the salt stress response, PIF4 directly downregulates the transcription of JUNGBRUNNEN1 (JUB1/ANAC042), encoding a transcription factor that upregulates the expression of stress tolerance genes, DREB2A and DELLA. Furthermore, PIF4 directly upregulates the transcription of ORESARA1 (ORE1/ANAC092) and SAG29, positive regulators of salt stress response pathways. Based on our results, we propose that ELF3 modulates key regulatory components in salt stress response pathways at the transcriptional and post-translational levels.
INTRODUCTION
The circadian clock has an important role in the plant response to different types of environmental stress; a number of circadian components encode transcription factors that directly control the transcription of abiotic stress response genes (Imaizumi, 2010; Grundy et al., 2015) . Two circadian core component genes, CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCO-TYL (LHY), act as a transcriptional activator in the response to low temperature; CCA1 and LHY directly bind to the region containing CCA1/LHY binding elements (termed evening elements) in the promoters of C-REPEAT BINDING FACTOR1 (CBF1), CBF2 and CBF3, which enhances the tolerance to cold stress (Dong et al., 2011) . CCA1 also inhibits reactive oxygen species (ROS) production; thus, CCA1 overexpressing (CCA1-OX) plants are tolerant to oxidative stress and cca1 mutants are hypersensitive, compared with wild-type (WT; Lai et al., 2012) . TIMING OF CAB1 (TOC1), a negative regulator of LHY/CCA1, also decreases drought tolerance; TOC1 directly represses the transcription of ABAR/CHLH/GUN5, which encodes an abscisic acid (ABA) receptor; this repression leads to increased ABA insensitivity and drought sensitivity of TOC1-OX plants (Legnaioli et al., 2009; Huang et al., 2012) . In addition to the repression of ABA signaling pathways, TOC1 also binds to the promoters of several genes associated with jasmonic acid, ethylene and salicylic acid synthesis or signaling (Huang et al., 2012) . This indicates that TOC1 is closely associated with the abiotic stress response pathways, including drought stress response, by modulating phytohormone synthesis and signaling pathways. GIGANTEA (GI) affects the transcription of genes associated with drought stress responses, such as EARLY RESPONSIVE TO DEHYDRATION10 (ERD10) and ERD7, through an indirect mechanism mediated by CYCLING DOF FACTORs (CDFs; Fornara et al., 2015) . GI is also involved in salt tolerance, physically interacting with SALT OVERLY SENSITIVE2 (SOS2), a key positive regulator of salt tolerance, and regulating its activity (Kim et al., 2013a) .
EARLY FLOWERING3 (ELF3) functions as one of the core circadian-clock components and was first determined as a flowering repressor; elf3 mutants flower early in a photoperiod-insensitive manner (Zagotta et al., 1996) , and ELF3-overexpressing (ELF3-OX) plants bloom very late only in long-day (LD) conditions (Liu et al., 2001) . Later analysis of elf3 mutants revealed that the elf3 mutation is pleiotropic, such as impairs in clock regulation and rhythmic shoot elongation, demonstrating that ELF3 is a multifunctional regulator. In the circadian-clock pathway, ELF3 interacts with the clock constituents, ELF4 and LUX LARRHYTHMO (LUX), to form the evening complex (Nusinow et al., 2011) . This complex binds to the promoters of PHYTOCHROME-INTERACTING FACTOR4 (PIF4) and PIF5 to inhibit hypocotyl growth in the evening (Nusinow et al., 2011) . Recent reports showed that ELF3 controls thermo-responsive hypocotyl growth by suppressing the transcription of PIF4 and other thermo-responsive genes (Box et al., 2015; Raschke et al., 2015) . ELF3 also interacts with GI and CON-STITUTIVE PHOTOMORPHOGENIC1 (COP1). In this complex, ELF3 functions as a substrate adaptor for COP1-GI interaction, which enables COP1 to degrade GI (Yu et al., 2008) .
We previously revealed that ELF3 represses leaf senescence; elf3 mutants senesce early and ELF3-OX plants delay senescence during dark incubation (Sakuraba et al., 2014) . During leaf senescence, ELF3 represses the expression of PIF4 and PIF5; these PIFs directly activate several senescence-associated genes (SAGs), including ETHYLENE INSENSITIVE3 (EIN3), ABA INSENSITIVE5 (ABI5), and ORE-SARA1 (ORE1; Sakuraba et al., 2014) . Considering the role of ELF3 in leaf senescence, it is highly possible that ELF3 contributes to abiotic stress response pathways because many SAGs, such as NAC transcription factors (Balazadeh et al., 2010; Yang et al., 2011; Wu et al., 2012; Kim et al., 2013b; Sakuraba et al., 2015) and phytohormone-associated genes (Zhang et al., 2012; Colebrook et al., 2014; Peng et al., 2014) , have important roles in the abiotic stress response pathways.
In this study, we found that ELF3 enhances the resilience to salt stress in Arabidopsis; ELF3-OX plants are tolerant to high salinity and elf3 mutants are hypersensitive to high salinity. We found that the accumulation of GI decreases in ELF3-OX plants and increases in elf3 mutants. Furthermore, ELF3 represses the transcription of PIF4, which activates salt stress response pathways by modulating the transcription of two salt stress-associated NAC transcription factor genes, namely JUB1 (Wu et al., 2012) and ORE1 (Balazadeh et al., 2010) . The potential function of ELF3 in the salt stress tolerance is discussed.
RESULTS

Arabidopsis ELF3 enhances salt stress tolerance
To investigate the function of ELF3 in the salt stress response, we first investigated the phenotypes of 3-weekold WT), ELF3-OX and elf3-1 under high salinity conditions (Figure 1 ). After 10 days of salt treatment (DST), ELF3-OX plants showed strong tolerance, while elf3-1 mutants exhibited severe necrosis (Figure 1a) . Assays with detached leaves showed similar results (Figure 1b) . Consistent with the visible phenotype, the ion leakage rate and malondialdehyde (MDA) level, which indicate instability of the cell membrane, increased drastically in the elf3-1 leaves but decreased significantly in the ELF3-OX leaves, compared with WT ( Figure 1c and d) . Similar results were obtained from the leaves detached from WT, ELF3-OX and elf3-1 plants grown in SD ( Figure S1 ). Consistent with elf3-1, the elf3-7 and elf3-8 mutants were also sensitive to salt stress ( Figure S2 ). Furthermore, histochemical analysis using 3,3'-diaminobenzidine (DAB) showed that during salt stress, a large amount of hydrogen peroxide (H 2 O 2 ) accumulated in the elf3-1 leaves while less accumulated in the ELF3-OX leaves, compared with WT (Figure 1e and f) .
To analyze the phenotypes of ELF3-OX and elf3-1 plants in response to high salinity in more detail, we used a hydroponic system for salt stress assays (Figure 2 ). WT plants appeared to be moderately affected by salt stress (100 mM NaCl), as their leaf color changed to pale yellow with lower chlorophyll (Chl) and carotenoid (Car) levels after 5 DST (Figure 2a-c) . Consistent with the salt stress assays on soil, ELF3-OX plants showed tolerance to salt treatment and elf3-1 showed severe necrosis with severe decrease of shoot fresh weight (Figure 2a and d) . Similarly, ion leakage was higher in the elf3-1 leaves but lower in the ELF3-OX leaves than in the WT (Figure 2e ).
We also checked whether salt stress affected the elongation of elf3-1 and ELF3-OX roots in the hydroponic conditions. In mock conditions, the root lengths of WT, elf3-1 and ELF3-OX did not significantly differ (Figure 2f , upper panel). However, under salt stress, elongation of the primary roots of elf3-1 mutants was strongly inhibited and elongation of ELF3-OX primary roots was less affected, compared with the WT (Figure 2g ). Thus, under salt stress, the fresh weight of roots decreased slightly in ELF3-OX plants, but decreased substantially in elf3-1 (Figure 2h) . Similar root phenotypes were observed on agar plates containing 50 mM NaCl; the root elongation of the elf3-1 seedlings was strongly inhibited by salt stress ( Figure S3 ).
ELF3 forms a multi-protein complex with ELF4 and LUX, and inhibits hypocotyl elongation in the evening (Nusinow et al., 2011) . Also, phyB interacts with ELF3 in circadian rhythm. Therefore, we examined whether phyB, elf4 and lux mutants show a sensitive phenotype under salt stress, like elf3-1. However, the ion leakage of the three mutants was almost the same as that of WT at 3 DST ( Figure S4 ). Taking these results together, we concluded that ELF3 enhances salt stress tolerance independent of the evening complex in Arabidopsis leaf and root tissues. ELF3 modulates the stress-associated transcriptional regulatory network
To investigate how ELF3 decreases salt stress responses at the transcriptional level, we first determined whether expressions of salt stress-associated genes are altered in ELF3-OX or elf3-1 plants after 1 DST (Figure 3 ). We found that ELF3 increases the expression of DREB2A, RD29B and COR15A, which enhance salt/drought tolerance, whereas ELF3 decreases the expression of ORE1/ANAC092, ANAC016 and NAP/ANAC029, which decrease stress tolerance Figure 2 . ELF3 enhances salt stress tolerance in a hydroponic system. Three-week-old wild-type (WT), elf3-1 and ELF3-OX plants were transferred to a hydroponic system containing 100 mM NaCl solution. After 5 days of salt treatment (DST), changes in plant phenotype (a), total chlorophyll (Chl) level (b), total carotenoid (Car) level (c), shoot fresh weight per plant (d), ion leakage rate (e), root phenotype (f), primary root length per plant (g), and root fresh weight per plant (h) were examined. As mock controls, the plants were incubated in 3 mM MES buffer (pH 5.8). (b-e, g, h) Mean and SD values were obtained from eight biological replicates. Asterisks indicate a significant difference compared with WT (Student's t-test, *P < 0.05, **P < 0.01). These experiments were repeated at least twice with similar results. FW, fresh weight. The ratios of expression levels (ELF3-OX/WT and elf3-1/WT) of salt stress-and senescence-associated genes at 0, 1 or 3 days of salt treatment (DST) are indicated by the color code. These experiments were repeated at least twice with similar results. Asterisks indicate a significant difference compared with wild-type (WT; Student's t-test, **P < 0.01).
(Figures 3, left panel and S5; (Balazadeh et al., 2010; Kim et al., 2013b) . We further investigated the expression levels of genes encoding Chl catabolic enzymes (CCEs; Sakuraba et al., 2013) , senescence-associated and -upregulated genes (SAGs), and senescence-downregulated genes (SDGs) at 3 DST. ELF3-OX decreased the gene expression of all of the CCEs and SAGs, but increased the SDGs (Figure 3 , right panel). These results indicate that ELF3 enhances stress tolerance by widely modulating the stress-associated transcriptional regulatory network.
ELF3 decreases GI protein levels under salt stress
In Arabidopsis, GI, a main inducer of photoperiodic flowering (Fowler et al., 1999) , is also involved in the salt stress response pathway; gi mutants are salt-tolerant and GI-OX plants are hypersensitive to salt stress (Kim et al., 2013a) . ELF3 physically interacts with GI and COP1, and allows COP1 to destabilize GI protein; thus, ELF3 participates in the post-translational regulation of GI stability in the photoperiodic pathway of flowering induction (Yu et al., 2008) . In Figure 4 , We observed that detached rosette leaves of 3-week-old ELF3-OX plants exhibited a salt-tolerant phenotype and so did leaves from gi-1 mutant plants ( Figure 4a ). Similar results were obtained with whole plants (Figure 4b) , as previously shown (Kim et al., 2013a) . Like the ELF3-OX leaves, the ion leakage rate of the gi-1 leaves was significantly lower under salt stress than WT (Figure 4c and d). To examine whether the post-translational regulation of GI by ELF3 is important, GI:GI-HA plants (Kang et al., 2015) were crossed with ELF3-OX and elf3-1 plants. Similar to the previous report (Kim et al., 2013a) , we confirmed that GI-HA protein abundance rapidly decreased within 24 h of salt treatment (100 mM NaCl) in WT. Compared with WT, the degradation of GI-HA protein was much faster in ELF3-OX plants, and GI-HA protein levels remained much higher in elf3-1 plants ( Figure 4e ). By using reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR), we next examine if the expression level of GI is affected by ELF3. Although GI mRNA levels decreased during salt stress, they were not significantly different in WT, ELF3-OX and elf3-1 plants ( Figure 4f ). This indicates that ELF3 promotes the degradation of GI protein under salt stress conditions. GI promotes the salt stress response by interacting with SOS2, which is a major regulator of salt stress tolerance (Quintero et al., 2002) , indicating that their interaction decreases SOS2 activity in salt tolerance (Kim et al., 2013a, b) . Thus, the exchange activity of Na + /H + antiporters, which is promoted by the SOS1-SOS2-SOS3 module (Qiu et al., 2002) , increases in gi-1 mutants, leading to increased salt tolerance (Kim et al., 2013a,b) . To examine whether ELF3 also influences SOS activity, we investigated the Na + /H + exchange activity of plasma membranes from ELF3-OX, elf3-1 and gi-1 mutants. We found that, compared with WT, the Na + /H + exchange activity was significantly higher in ELF3-OX plants (similar to that in the gi-1 mutants), but was lower in elf3-1 mutants ( Figure 4g ). To examine whether ELF3 directly decreases SOS activity, we examined the protein-protein interactions between ELF3 and SOS2, as well as SOS1 and SOS3, by yeast twohybrid assay, which revealed that ELF3 does not directly interact with either of these SOS proteins ( Figure S6 ). However, in vivo pull-down assays using Arabidopsis protoplasts showed that SOS2 immunoprecipitated with ELF3 ( Figure 4h ). This interaction could not be detected in the gi-1 protoplasts (Figure 4h ), strongly suggesting that ELF3 indirectly influences SOS2-mediated salt tolerance, possibly through GI.
ELF3 promotes salt stress tolerance by repressing PIF4
ELF3 is involved in the transcriptional regulation of PIF4 and PIF5 in hypocotyl elongation and leaf senescence (Nusinow et al., 2011; Sakuraba et al., 2014) . To examine whether PIF4 and PIF5 are also important in the ELF3-mediated salt stress-responsive pathway, we examined the leaf phenotype of pif4-1 and pif5-1 null mutants during salt stress (100 mM NaCl) ( Figure 5 ). We found that after 3 DST, the pif4-1 leaves showed lower ion leakage, indicating tolerance to salt stress. However, the pif5-1 leaves showed a normal effect of salt stress, very similar to the WT leaves (Figure 5a and b). The tolerance phenotype of pif4-1 mutants was further confirmed in hydroponic-based salinity stress experiments ( Figure 5c ). Next, we examined whether the estradiol (EST)-inducible lines of PIF4 (PIF4-IOE) show different phenotypes under salt stress conditions. We confirmed that after 2 h of EST treatment, PIF4 transcription was induced and its mRNA levels increased further at longer incubation times (Figure 5d) . We found that EST-treated PIF4-IOE young seedlings showed a sensitive phenotype under salt stress, compared with mock-treated controls ( Figure 5e ). These results indicate that PIF4 enhances salt stress-responsive pathways.
We subsequently examined whether ELF3 affects the expression of PIF4 in hydroponics-based salinity stress experiments. At 1 DST (100 mM NaCl), PIF4 expression decreased in ELF3-OX plants and increased in elf3-1 mutants during 24 h of salt treatment (HST; Figure 5f ). Similar patterns of PIF4 expression in ELF3-OX and elf3-1 were observed in detached leaves ( Figure S7 ). However, this regulation pattern was not observed in salt-treated samples at later time points, such as 48 and 72 HST (Figure 5f ), indicating that the ELF3 regulation of PIF4 mRNA levels is important in the early phase of the salt stress response.
ELF3 participates in the evening (ELF3-ELF4-LUX) complex for the transcriptional regulation of PIF4 and PIF5 in hypocotyl elongation. Nusinow et al. (2011) showed that in . (e) Detached leaves from 3-week-old proGI:GI-HA, proGI:GI-HA/ELF3-OX and proGI:GI-HA/elf3-1 plants were floated on 100 mM NaCl solution for 12 and 24 h of salt treatment (HST). GI level was examined by immunoblot analysis using an anti-HA antibody. (f) Detached leaves of proGI:GI-HA, proGI:GI-HA/ELF3-OX and proGI:GI-HA/elf3-1 plants were treated with 100 mM NaCl for 0 (black), 12 (red) and 24 (white) h, and sampled for reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) analysis. The relative expression level of GI in WT, ELF3-OX and elf3-1 leaves during salt treatment was normalized to the transcript levels of GAPDH. (g) Na + /H + exchange activity in plasma membrane vesicles isolated from 3-week-old WT (Col-0), ELF3-OX, elf3-1 and gi-1 plants under different NaCl concentrations (50, 100 and 200 mM) are shown. Mean and SD values were obtained from four replicates. (h) Interaction between ELF3 and SOS2 examined by in vivo pull-down assay. 35S:ELF3-GFP, 35S:GFP and 35S:SOS2-Myc constructs were transiently expressed in protoplasts isolated from 10-day-old WT (Col-0) or gi-1 seedlings. Then, transfected protoplasts were used for the pull-down assay using anti-green fluorescent protein (GFP) antibody-conjugated beads, followed by immunoblot analysis using an anti-Myc antibody. (c, d, f) Mean and SD values were obtained from three-six biological replicates. Asterisks indicate a significant difference compared with WT (Student's t-test, **P < 0.01). These experiments were repeated at least twice with similar results. the evening complex, LUX directly represses the transcription of PIF4 and PIF5, but did not examine the possibility of direct regulation by ELF3. To address whether ELF3 directly represses PIF4 in the salt stress-responsive pathway, we first performed chromatin immunoprecipitation (ChIP) assays with the leaf tissues of 35S:ELF3-GFP plants before and after 1 DST (100 mM NaCl). We found that ELF3 strongly interacts with the b region of the PIF4 promoter under both normal growth (0 DST) and salt stress conditions (1 DST; Figure 5g and h). In addition, protoplast transient assays showed that ELF3 represses a promoter fragment of PIF4 (À1000 to À1 bp; Figure 5i ). However, ELF3 does not interact with the promoter fragment of PIF4 in a yeast one-hybrid assay (Figure 5j ), indicating that ELF3 represses PIF4 transcription together with other factor(s) that can directly interact with the promoter of PIF4.
PIF4 represses JUB1 by directly targeting its promoter in response to salt stress PIF4 directly regulates the transcription of the ANAC gene JUNGBRUNNEN1 (JUB1)/ANAC042, which decreases plant growth by modulating gibberellic acid and brassinosteroid synthesis and signaling pathways (Shahnejat-Bushehri et al., 2016) . JUB1 has a pivotal role in regulating abiotic stress response pathways, including high salinity stress (Wu et al., 2012) . Similar to the previous study (Wu et al., 2012) , we observed a salt tolerance phenotype in both detached leaves and whole plants of JUB1-OX, like ELF3-OX (Figure 6a and b) . Consistent with the visible phenotype, ion leakage rates in the rosette leaves detached from JUB1-OX and ELF3-OX were lower than WT (Figure 6c ). To examine whether the ELF3-PIF4-JUB1 regulatory cascade is associated with the salt stress-responsive pathway, we checked the expression levels of JUB1 in ELF3-OX, elf3-1, PIF4-OX and pif4-1 plants during salt stress. After 1 DST (100 mM NaCl), JUB1 expression increased in pif4-1, but decreased in PIF4-OX lines (Figure 6d ), as reported previously (Shahnejat-Bushehri et al., 2016) , while expression of JUB1 increased in ELF3-OX, but decreased in elf3-1 plants (Figure 6d ). This observation is consistent with the negative regulation of PIF4 by ELF3.
To analyze the ELF3-PIF4-JUB1 regulatory cascade in more detail, we prepared transgenic lines of pif4-1 and ELF3-OX carrying the JUB1 promoter:b-glucuronidase (GUS) reporter construct (Pro JUB1 :GUS), which was previously described (Wu et al., 2012) . After 6 h of salt treatment (100 mM), GUS activity increased in Pro JUB1 :GUS, Pro JUB1 :GUS/pif4-1 and Pro JUB1 :GUS/ELF3-OX plants. However, GUS activity was much stronger in Pro JUB1 :GUS/pif4-1 and Pro JUB1 :GUS/ELF3-OX than in Pro JUB1 :GUS, especially in older leaves (Figure 6e ). We also observed the GUS activity in the roots of these three lines at shorter incubation times, and found that GUS activity more strongly increased upon salt treatment in Pro JUB1 :GUS/ pif4-1 and Pro JUB1 :GUS/ELF3-OX than in Pro JUB1 :GUS roots (Figure 6f ). These results indicate that JUB1 transcription is tightly controlled by PIF4 and ELF3 during salt stress.
The promoter region of JUB1 contains the G-box motif (CACGTG) PIF4-binding element, and the binding of PIF4 to the JUB1 promoter was previously investigated in vitro and in vivo (Shahnejat-Bushehri et al., 2016; Figure 6g ). To test whether PIF4 interacts with the G-box motif of the JUB1 promoter under salt stress, we carried out ChIP assays using 35S:PIF4-Myc transgenic plants treated with 100 mM NaCl, at 1 DST. We found that at 0 and 1 DST, PIF4 strongly interacts with the region of amplicon-1, containing the G-box motif, but it does not bind to another region (Figure 6h ). In addition, the protoplast transient assay showed that PIF4 represses a reporter construct carrying a JUB1 promoter fragment (À1000 to À1 bp; Figure 6i) , indicating that PIF4 directly downregulates JUB1 transcription during the response to salt stress.
PIF4 promotes the ORE1-SAG29 transcriptional cascade in the salt stress response pathway During leaf senescence, PIF4 directly upregulates the transcription of ORE1/ANAC092, encoding a major senescencepromoting NAC transcription factor (Sakuraba et al., 2014) . Therefore, we examined whether the PIF4-ORE1 cascade also acts in the salt stress response pathway (Figure 7) . We found that detached leaves of the ore1 mutant showed enhanced tolerance to high salinity, compared with WT, as reported previously (Balazadeh et al., 2010) . ORE1 directly upregulates the expression of the senescence-associated gene SAG29 (Matallana-Ramirez et al., 2013), which also acts as an inducer of salt stress responses . (i) The repression of PIF4 promoter (À1000 to À1 bp) by ELF3-HA in a protoplast transient assay. The 35S promoter was used as a negative control. (j) The binding activity of ELF3 to the promoter regions of PIF4 examined by yeast one-hybrid assay. Empty prey plasmid (À) was used for the negative control. The interaction between PIF4 and the promoter fragment of ABI5 was used as a positive control. (b, d, f, h-j) Mean and SD values were obtained from three-six biological replicates. Asterisks indicate a significant difference compared with WT (Student's t-test, *P < 0.05, **P < 0.01). These experiments were repeated at least twice with similar results. HST, hour(s) of salt treatment; HT, hour(s) of treatment.
Similar to ore1, detached leaves of the sag29 mutant showed elevated salt tolerance (Figure 7a ). Similar salt tolerance was observed in the whole plants of ore1 and sag29 mutants (Figure 7b) . Consistent with the visible phenotypes during salt stress, ion leakage of ore1 and sag29 leaves was lower than that of the WT (Figure 7c ), but similar to those of ELF3-OX (Figure 4b ) and pif4-1 leaves (Figure 5b ). During salt stress, the transcription of ORE1 and SAG29 decreased in pif4-1 and ELF3-OX plants, but increased in PIF4-OX and elf3-1 (Figure 7c and d) . To determine whether PIF4 directly activates ORE1 transcription during salt stress, we performed ChIP assays with the leaf tissues used in Figure 6h . The ORE1 promoter harbors three potential PIF4-binding motifs (Figure 7e) , and PIF4 binds to the three G-box motifs (Figure 7f ). Furthermore, we found that the SAG29 promoter has a G-box motif (Figure 7g ) and PIF4 strongly The relative expression levels of JUB1 in 3-week-old WT, ELF3-OX, elf3-1, PIF4-OX and pif4-1 plants before and after 1 DST were normalized to the mRNA levels of GAPDH. Asterisks indicate a significant difference from WT (Student's t-test, *P < 0.05, **P < 0.01). (e) Threeweek-old Pro JUB1 :GUS, Pro JUB1 :GUS/pif4-1 and Pro JUB1 :GUS/ELF3-OX plants were treated with 3 mM MES buffer (pH 5.8) containing 100 mM NaCl for 6 h, and GUS activity was determined. Mock control (3 mM MES only) is also shown. (f) GUS activity in roots of 3-week-old Pro JUB1 :GUS (control), Pro JUB1 :GUS/pif4-1 and Pro JUB1 :GUS/ELF3-OX plants. (g) Schematic diagram of the JUB1 promoter. Red vertical line indicates the PIF4-binding motif (G-box, CACGTG). Blue horizontal lines indicate the polymerase chain reaction (PCR) amplicons for the chromatin immunoprecipitation (ChIP) assay (1-3). (h) Binding of PIF4 to JUB1 promoter regions in planta. Fold enrichment of the JUB1 promoter fragments was measured by ChIP assay employing an anti-Myc antibody. Two-week-old WT and 35S:PIF4-Myc plants at 0 and 1 DST (100 mM NaCl) were used. PP2A was used as a negative control. (i) The repression of JUB1 promoter (À1000 to À1 bp) by PIF4-Myc protein in a protoplast transient assay. Protoplasts were isolated from 10-day-old seedlings. The 35S promoter was used as a negative control. Mean and SD values were obtained from three-five biological replicates. These experiments were repeated twice with similar results.
interacts with the region containing the G-box motif (Figure 7h ). We confirmed these interactions by yeast one-hybrid assays ( Figure S8 ). In addition, we checked the activity of PIF4 as a transcriptional activator by protoplast transient assays (Figure 7i ). For the reporter construct containing the ORE1 promoter, we used proORE1-a, which contains regions 1 and 2, and proORE1-b, which contains only region 2 (Figure 7f and i) . We found that PIF4 activates constructs with proORE1-a (À3500 bp to À1 bp) and proORE1-b (À2000 bp to À1 bp), but the LUC activity of proORE1-a was significantly higher than that of proORE1-b, indicating that the regions 1 and 2 are both necessary for the activation by PIF4. We also found that PIF4 also activates a construct containing a SAG29 promoter fragment (À2000 bp to À1 bp), indicating that PIF4 and ORE1 form feed-forward regulatory mechanisms to induce SAG29 in the salt stress response pathway.
In a previous study (Sakuraba et al., 2014) , we determined other PIF4-downstream genes, EIN3 and ABI5, in the leaf senescence pathway. Therefore, we subsequently examined whether EIN3 and ABI5 also act as downstream targets in the ELF3-PIF4-mediated salt stress response pathway. However, the phenotypes of ein3 and abi5 knockout mutants were very similar to WT ( Figure S9 ), indicating that activation of EIN3 and ABI5 transcription by PIF4 is not associated with the response to salt stress.
DISCUSSION
In this study, we show that ELF3 enhances the resilience to salt stress in Arabidopsis; ELF3-OX plants are salt-tolerant and three different elf3 mutants are hypersensitive to high salinity (Figures 1, 2 and S2) . Notably, a large number of salt stress-associated genes are differentially expressed in ELF3-OX and elf3-1 plants compared with WT (Figure 3 ), indicating that ELF3 controls a transcription regulatory network during the response to salt stress (Figure 8 ). This function of ELF3 is partially mediated by suppression of PIF4; pif4-1 mutants are salt tolerant and PIF4-IOE plants are hypersensitive to salt stress ( Figure 5 ). Among the genes downstream of PIF4, JUB1 is one of the important direct target genes in the salt stress response pathway ( Figure 6 ). JUB1 has a role in reducing ROS accumulation by directly activating DREB2A, a key regulator of tolerance to abiotic stresses, such as drought, oxidation, salt, heat and submergence (Sakuma et al., 2006a,b; Wu et al., 2012) . A recent study revealed that JUB1 directly and indirectly activates DELLA genes (Shahnejat-Bushehri et al., 2016) , which encode key repressors of ROS production (Achard et al., 2008) . During salt stress, H 2 O 2 levels became higher in elf3-1 leaves and lower in ELF3-OX leaves (Figure 1e and f). Consistent with these observations, Lai et al. (2012) showed that H 2 O 2 levels in elf3-1 leaves are higher than in WT, and thus elf3-1 is hypersensitive to oxidative stress, similar to other circadian-clock mutants, such as lhy and cca1. These results indicate that ELF3 plays a key role in the repression of ROS production under salt stress. Although ELF3 represses hypocotyl elongation by forming the ELF3-ELF4-LUX evening complex (Nusinow et al., 2011) , elf4 and lux mutants showed a similar phenotype to WT under salt stress, unlike elf3-1 mutants ( Figure S4 ). This further demonstrates that ELF3 is involved in the transcriptional repression of PIF4 in the absence of ELF4 or LUX, similar to their functions in leaf senescence (Sakuraba et al., 2014) . In this study, we found by ChIP assay that ELF3 binds to the promoter of PIF4 (Figure 5h ), but they do not interact in a yeast one-hybrid assay (Figure 5j ), suggesting that ELF3 indirectly binds to the promoter of PIF4 through unknown factors that are not ELF4 or LUX.
PIF4 directly interacts with the ORE1 promoter and increases its transcription not only during leaf senescence (Sakuraba et al., 2014) , but also under salt stress ( Figure 7f and h); ORE1 transcription increases in elf3-1 and PIF4-OX, and decreases in ELF3-OX and pif4-1 (Figure 7c ). Furthermore, PIF4 directly activates expression of SAG29 (Figure 7g and h ), a known direct target of ORE1 that is involved in the salt stress response Matallana-Ramirez et al., 2013) . Thus, PIF4 and ORE1 form a coherent feed-forward loop to induce the transcription of SAG29 in the salt stress response (Figure 8 ). Feed-forward regulatory loops have been described previously (Sakuraba et al., 2017) and suggested to make a pathway less sensitive to interruption by environmental fluctuations (Le and Kwon, 2013) .
ELF3 has an alternative splice form at the transcript level, and the level of the alternative transcript drastically increases under heat stress, but decreases under low temperature and salt stress (Kwon et al., 2014) . The alternative splice forms of circadian-clock genes are considered important to control the activity of the genes in response to unfavorable environment conditions. For example, CCA1b, encoded by an alternative splice form of CCA1, affects the activity of CCA1 (CCA1a) under freezing stress; CCA1b physically interacts with CCA1a and LHY, and inhibits the formation of CCA1a-CCA1a and LHY-LHY homodimers, in addition to CCA1a-LHY heterodimers. Thus, CCA1b-OX plants become hypersensitive to freezing stress, whereas CCA1a-OX plants show a freezing stress-tolerant phenotype (Seo et al., 2012) . As in the case of CCA1 in freezing tolerance, it is also possible that the alternative splice form of ELF3 is involved in the control of salt tolerance. Detailed functional analysis of the splice forms of ELF3 will clarify the regulatory mechanism of ELF3 in the salt stress response pathway.
In this study, we also found that ELF3 decreases GI levels under salt stress (Figure 4) . GI acts as an inhibitor of SOS module-mediated salt tolerance mechanisms; in the absence of salt stress, GI physically interacts with SOS2, which has a key role in salt stress tolerance, and prevents 1 and 2 ; SAG29, 1 to 3). (h) Binding of PIF4 to the promoter regions of ORE1 and SAG29 in planta. Fold enrichment of the promoter fragments was measured by ChIP assay with an anti-Myc antibody. Two-week-old WT and 35S:PIF4-Myc plants at 1 DST (100 mM NaCl) were used. PP2A was used as a negative control. (i) The activation of ORE1 promoter (À3500 to À1 bp, and À2000 to À1 bp) and SAG29 promoter (À2000 to À1 bp) by PIF4-Myc protein in protoplast transient assay. Protoplasts were isolated from 10-day-old seedlings. The 35S promoter was used as a negative control. Mean and SD values were obtained from three-six biological replicates. Asterisks indicate a significant difference compared with WT (Student's t-test, *P < 0.05, **P < 0.01). These experiments were repeated at least twice with similar results. interaction with the SOS2-activating protein SOS3 (Quintero et al., 2002) . Under salt stress, however, the level of GI decreases, leading to the release of SOS2. Free SOS2 forms a protein kinase complex with SOS3 and phosphorylates SOS1 to promote salt tolerance (Kim et al., 2013a) . In this study, we found that the exchange activity of Na + /H + was higher in ELF3-OX and lower in elf3-1 plants (Figure 4g) , indicating that ELF3 promotes the activity of the SOS machinery. In yeast two-hybrid assays, however, ELF3 does not interact with SOS1, SOS2 or SOS3 ( Figure S6 ). However, we found by in vivo pull-down assay that ELF3 interacts with SOS2 in the WT protoplasts, but this interaction was not detected in the gi-1 protoplasts (Figure 4h ), indicating that ELF3 does not directly interact with SOS2, but forms a complex together with GI. We previously showed that ELF3 forms a complex with GI and COP1, and enables COP1 to destabilize GI as a substrate adaptor (Yu et al., 2008) . Thus, in the ELF3-GI-SOS2 complex, ELF3 likely is involved in the destabilization of GI, leading to the enhancement of SOS-mediated salt tolerance, although it should be elucidated which degradation system directly destabilizes GI.
In addition to its function in salt tolerance, the regulation of ELF3-GI module is also essential in the control of the circadian rhythm and LD-dependent floral induction (Yu et al., 2008) , as revealed by the fact that ELF3-OX plants and gi mutants flower very late in LD (Fowler et al., 1999; Liu et al., 2001) . Thus, our findings in this study provide insight into the interaction between the circadian clock, flowering time and environmental stresses. Furthermore, recent research revealed the close interactions of environmental stress-response pathways and circadian-clock genes, including CCA1, LHY and TOC1 (Huang et al., 2012; Lai et al., 2012) . This detailed investigation of the possible association between the ELF3-GI cascade and other circadian rhythm genes broadens our understanding of environmental stress tolerance.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis thaliana accession Col-0 seeds were obtained from Arabidopsis Biological Resource Center (ABRC), and mutants and transgenic plants used in this study were previously used and are listed in Table S1 . Arabidopsis thaliana plants were grown on soil at 22-24°C in LD (16 h light/8 h dark) in a growth room equipped with cool-white fluorescent light (90-100 lm À2 sec
À1
). Threeweek-old plants were subjected to salt stress treatments for different periods and then frozen in liquid nitrogen. For phenotypic analysis of roots, surface-sterilized seeds were placed on Murashige and Skoog (MS) agar Petri dishes (0.5 9 MS, 0.8% phytoagar and 3 mM MES buffer, pH 5.7), incubated for 3 days at 4°C in darkness, and transferred to the growth room. The Pro JUB1 :GUS/ pif4-1 and Pro JUB1 :GUS/ELF3-OX plants were prepared with the respective lines.
Plasmid construction and transformation
For the PIF4-IOE (inducible overexpression) construct, the PIF4 cDNA was amplified by RT-PCR from the total RNA of Arabidopsis leaf tissues, and then cloned into the pER8 vector (Zuo et al., 2000) . The plasmids were transformed into Agrobacterium tumefaciens (GV3101). Agrobacterium-mediated transformation into WT (Col-0) was executed by a floral dipping method (Zhang et al., 2006) .
Stress treatments
Salt treatment of detached leaves was carried out as previously described (Kim et al., 2013a) . For salt treatment of whole plants, 3-week-old Arabidopsis plants grown on soil under LD (16 h light/8 h dark) were subjected to 200 mM NaCl (Figure 1a) , or plants were transferred to a hydroponic system containing 100 mM NaCl (Figures 2 and 5c ) and incubated under LD.
GUS activity assay
GUS activity in the 18-day-old Pro JUB1 :GUS, Pro JUB1 :GUS/pif4-1 and Pro JUB1 :GUS/ELF3-OX seedlings after 6 h of salt treatment (100 mM NaCl) was determined histochemically. X-Gluc histochemical assays were carried out as described previously (Plesch et al., 2001) .
Total Chl measurement
To measure total Chl levels, pigments were isolated from the leaf tissues with 80% ice-cold acetone solution. Chl concentrations were measured using a UV/VIS spectrophotometer (Porra et al., 1989) .
Measurement of ion leakage rate and MDA content
Membrane leakage rate was determined by measurement of electrolytes (or ions) that leaked from detached leaves exposed to salt stress as described (Sakuraba et al., 2015) . Ten leaves from each treatment were incubated in 6 ml 0.4 M mannitol at room temperature with gentle shaking for 3 h. The conductivity of the solution was measured with a conductivity meter (CON6 meter; LaMOTTE, USA). Total conductivity was measured after the sample was boiled for 20 min. The rate of ion leakage was evaluated as the percentage of initial conductivity divided by total conductivity. MDA content was determined as previously reported (Heath and Packer, 1968) .
RT-qPCR analysis
For RT-qPCR analysis, total RNA was isolated from the Arabidopsis rosette leaf tissues or cotyledons using the TRIzol reagent (Invitrogen). The first-strand cDNAs were prepared with 5 lg of total RNA in a 25 ll reaction volume using the M-MLV reverse transcriptase and oligo(dT) 15 primer (Promega), and diluted with water to 100 ll. The 20 ll qPCR mixture contained 1 ll of cDNA template, 10 ll of 2 9 SYBR Green PCR Master Mix (Qiagen) and 0.25 mM of the forward and reverse primers for each gene. Primer sequences for each gene are listed in Table S2 . The qPCR analysis was carried out using the Light Cycler 480 (Roche Diagnostics). To determine the relative expression, mRNA abundance of each gene was normalized to that of GAPDH (encoding glyceraldehyde phosphate dehydrogenase, At1g16300).
ROS detection
The accumulation of ROS was investigated as previously reported (Sakuraba et al., 2010) . To determine hydrogen peroxide (H 2 O 2 ), leaf samples from 3-week-old plants were incubated with 100 mM NaCl for 3 days, and then incubated in DAB staining solution containing 0.1% DAB in 50 mM sodium phosphate buffer. H 2 O 2 accumulation was also determined using the Amplex Red Hydrogen Peroxide/Peroxidase Assay kit (Life Technologies, USA).
Na
+ /H + exchange assay Plasma membrane vesicles were isolated from the rosette leaves from 3-week-old Col-0, ELF3-OX, elf3-1 and gi-1 plants using twophase partitioning as previously reported (Qiu et al., 2002) . The activity of Na + /H + antiport was determined as Na + -induced dissipation of the pH gradient induced by the activity of the plasma membrane H + -ATPase in the inside-out plasma membrane vesicles, at 30°C. pH-sensitive fluorescent probe 9-amino-6-chloro-2-methoxyacridine (ACMA) was used for monitoring the change of pH during the assay. One-milliliter assays contained 20 lg plasma membrane protein, 1 lM ACMA, 3 mM ATP, 100 mM KCl, 25 mM 1,3-bis [tris(hydroxymethyl) methylamino] propane (BTP)-HEPES (pH 7.5), 250 mM mannitol and 50 mM KNO 3 . Mixtures were equilibrated by stirring for 5 min in the dark. Assays were performed with a fluorescence spectrophotometer as described (Kim et al., 2013a) .
Yeast two-hybrid assay
Yeast two-hybrid assays were executed according to the Yeast Protocols Handbook (Clontech, CA, USA). The cDNAs of ELF3, SOS1, SOS2, SOS3, ELF4 and the N-terminal part of GI (aa 1-507) were amplified from the total RNA of WT (Col-0) seedlings using RT-PCR, and inserted into the pGBKT7 (bait) or pGADT7 (prey) vectors. The primers used for the cloning are listed in Table S2 . For the interaction study, bait or prey plasmids were transformed into the yeast (Saccharomyces cerevisiae) strain AH109 as previously described (Gietz et al., 1992) , and grown on SD media lacking adenine, leucine, histidine and tryptophan. Chlorophenol redb-D-galactopyranoside (CPRG; Roche Biochemicals, Germany) was used for measuring the b-galactosidase activity.
In vivo pull-down assay
The cDNAs of ELF3 and SOS2 were inserted into the pCR8/GW/ TOPO Gateway vector (Invitrogen). Then the ELF3 and SOS2 cDNAs were recombined into the pMDC85 and pEarley203 plasmids, respectively (Earley et al., 2006) . Arabidopsis mesophyll protoplasts were prepared with the rosette leaves of 3-week-old Col-0 and gi-1 plants grown on soil, as reported (Wu et al., 2009 ). The 35S:ELF3-GFP (10 lg) and 35S:SOS2-Myc plasmids (10 lg) were co-transfected into 5 9 10 4 protoplasts by the polyethylene glycol (PEG)-mediated transfection method (Yoo et al., 2007) . In vivo pull-down assays were carried out as described (Sakuraba et al., 2012) , using anti-green fluorescent protein (GFP) antibody-conjugated beads (Medical & Biological Laboratories, Japan).
ChIP assay
Plants overexpressing PIF4-Myc, 35S:ELF3-GFP and WT plants were grown for 14 days under LD conditions, and were then transferred to a hydroponic system containing 150 mM NaCl for 1 day before cross-linking reaction for 20 min with 1% formaldehyde using vacuum system. Chromatin complexes were isolated and sonicated as previously described (Saleh et al., 2008) , with slight modification. Sonication was conducted using BIORUPTOR â II (COSMO BIO, Japan) at high-power mode, 30 sec 9 10 times, with a 30-sec interval. Anti-Myc polyclonal antibody (Abcam), anti-GFP polyclonal antibody (Abcam) and protein A agarose/salmon sperm DNA (Millipore) were used for immunoprecipitation. After reverse cross-linking and protein digestion, DNA was purified by QIAquick PCR purification kit (Qiagen), and used for qPCR analysis. Primer sequences for each gene are listed in Table S2 .
Protoplast transient assay
To construct reporter plasmids containing the LUC gene under the regulation of various promoters, promoter fragments of PIF4 (À1000 to À1), JUB1 (À1000 to À1), ORE1 (À3000 to À1, À2000 to À1) and SAG29 (À2000 to À1) were cloned into the pGreenII-0579 vector, which contains the LUC reporter gene at the C-terminus. For the effector plasmids, the cDNAs of ELF3 and PIF4 were cloned into the pCR8/GW/TOPO Gateway vector (Invitrogen). Then the ELF3 and PIF4 cDNAs were recombined into the pEarley201 and pEarley203 vectors, respectively (Earley et al., 2006) . Arabidopsis mesophyll protoplasts were isolated from rosette leaves of 3-week-old Col-0 plants grown on soil, as reported previously (Wu et al., 2009) . The reporter (4 lg) and effector plasmids (8 lg) were co-transfected into 5 9 10 4 protoplasts by the PEG-mediated transfection method (Yoo et al., 2007) . Transfected protoplasts were then suspended in protoplast culture medium (0.4 mM mannitol, 4 mM MES buffer and 15 mM MgCl 2 , pH 5.8) and kept overnight in darkness. The LUC activity in each cell lysate was measured by the Luciferase Assay System Kit (Promega).
Yeast one-hybrid assay
The cDNAs of ELF3 and PIF4 were inserted into the pGAD424 vector (Clontech) as the prey. DNA fragments corresponding to the promoters of ABI5, PIF4, ORE1 and SAG29 were cloned into the pLacZi plasmid (Clontech) as baits. Primers used for cloning are listed in Table S2 . The bait or prey plasmids were transformed into the yeast strain YM4271, and b-galactosidase activity was measured by a liquid assay using CPRG (Roche Applied Science) according to the Yeast Protocol Handbook (Clontech).
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